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Objectives. The purpose of this study was to investigate changes
in the magnitude of blood flow through the contralateral coronnry
artery in relation to the development of recruilable collateral
vessels arising from this artery to supply a balloon-occluded
coronary vessel .
Background. Recruitable collateral vessels have been shown to
emerge suddenly to supply an occluded coronary artery, but their
physiologic effect cannot always be predicted angiographically .
Methods . Twenty-four patients were studied during four suc-
cessive balloon dilations for single left anterior descending coro-
nary artery stenosis. Befree and during each balloon occlusion,
blood flow in the proximal right coronary artery was measured by
intracoronary Doppler flow velocimetry and quantitative coro-
nary angiography . Estimates of chest pain and ST segment
elevation were also obtained .
Results . Fourteen patients developed angiographically visible
recrullable collateral vessels (high grade in 6 [group 111], low
Recruitable collateral vessels, not spontaneously visible on
the routine coronary angiogram, have been documented to
develop during acute coronary artery occlusion (because of
spasm [1,2], thrombosis [3,4] or balloon inflation during
coronary angioplasty [5-111) arising from the nonoccluded
coronary arteries (ipsilateral or contralateral) . These collat-
eral vessels have Teen shown to increase coronary wedge
pressure (8) and to limit the extent of transient myocardial
ischemia (8-10) during temporary controlled coronary oc-
clusions .
The potential association of such angiographically visu-
alized changes in collateral circulation with changes in the
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grade in S [group UP, whereas 10 patients (group 1) did not .
During the four successive balloon occlusions, the right corollary
artery flow showed transient reproducible increases in group 111
(first occlusion 66.4 ± 36.8%, fourth occlusion 64 -± 23.9%, all
p = 0.036), progressive increases in group 11 (from first occlu-
sion 17.9 ± 26.6% [p = 0.091 to fourth occlusion 60 .4 ± 35,9%
[p = 0.014]) and no significant changes in group 1 . Between the
first and the fourth occlusion, the severity of chest pain and the
magnitude of ST segment elevation declined significantly in group
11 but did not change in groups I and 111 .
Conclusions . During balloon coronary artery occlusion, the
transient appearance of recruitable collateral vessels is associated
with a transient increase in blood flow through the collateral
donor artery. This increase in coronary flow appears to reflect
collateral function better than the angiographic assessment, espe-
cially in patients with poor collateral vessel recruitment .
(J Area Coil Cordial 1994,23:869-78)
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magnitude of blood flow through the coronary artery supply-
ing recruitable collateral vessels during acute coronary oc-
clusion has not been investigated . The relative inability of
coronary angiography to accurately visualize the extent
(12,13) and to predict the physiologic effect of (6,12) collat-
eral circulation has prompted a search for more reliable
indexes of collateral function . This information, although
apparently not of clinical significance, might be important in
the study of collateral vessel development and function .
The purpose of the current study was to investigate
potential changes in blood flow in the nonoccluded coronary
artery during balloon coronary occlusion in conscious hu-
mans and to test the hypothesis that sudden changes in the
angiographic degree of collateral circulation to a balloon-
occluded coronary vessel are associated with changes in the
magnitude of blood flow through the collateral donor artery .
We studied 24 patients during elective left anterior descend-
ing coronary artery angioplasty . The state of the coronary
collateral circulation to the dilated artery before and during
0735-1097/94/$7 .00
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successive balloon occlusions was characterized with the
use of contrast agent injection in the right coronary artery,
and the coronary blood flow through this artery Was mea-
sured by intracoronary Doppler velocimetry and quantita-
tive coronary angiography .
Methods
y patients. The study cohort consisted of 24 patients
who were prospectively selected from patients undergoing
elective transluminal coronary angioplasty of the left ante-
rior descending coronary artery . Inclusion criteria were
1) single-vessel coronary artery disease in the left anterior
descending artery in patients without previous myocardial
infarction and with normal left ventricular function ; 2) right
dominant coronary circulation with a normal right coronary
artery ; 3) absence of angiograpOWly visible collateral ves-
sels to the left anterior descending artery distal to the
stenosis to be ANW, arising from the right coronary artery
on the diagnostic coronary angiogram . Patients with previ-
ous myocardial infarction, left ventricular ejection fraction
<55%, angiographically visible right to left coronary collat-
eral circulation and total occlusion of the left anterior
descending coronary artery were excluded, Patients with
valvular heart disease, severe uncontrolled hypertension,
previous cardiac surgery and electrocardiographic (ECG) or
echocardiographic evidence of left ventricular hypertrophy
were also excluded from this study . The location of the left
anterior descending artery stenosis was classified as proxi-
mal if it was located before the first major septa[ perforator .
A lesion beyond the major septa) perforator was considered
a distal lesion .
Beta-adrenergic blocking drugs, calcium channel antago-
nists and long-acting nitrates were withheld for 24 h before
the study. No sublingual or intracoronar; medications were
given immediately before or during the sty 'y . The research
protocol
WAS approved by the Ethics Committee of the
Institutional Review Board at the Department of Cardiology,
Hippokration Athens University Hospital . All patients gave
informed written consent for participation in the study .
protocol. The study protocol was designed to mea-
sure coronary blood flow velocity in the proximal right
coronary artery during successive balloon occlusions of the
left anterior descending coronary artery and to detect simul-
taneously the development of collateral circulation to the
occluded vessel with right coronary angiography .
All patients received premedication with diazepam (5 mg
intramuscularly). As is our usual angioplasty procedure, all
patients were treated with heparin (10,000 U intravenously
at the start of the procedure and 5,000 U/h during the
procedure) .
Coronary angiop!asty was performed with a standard
right femoral approach . A second arterial access was gained
by placing an 8F sheath percutaneously into the left femoral
artery. Balloon dilation catheters and guide wires manufac-
tured by USCI or Cordis were used as clinically indicated .
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An 8F pigtail catheter was first advanced into left ventri-
cle by way of the right femoral sheath . Blood pressures were
recorded, and a biplane left ventriculogram was obtained .
Subsequently, the pigtail catheter was removed, and an 8F
left Judkins femoral guiding catheter was advanced via the
right femoral sheath into the ostium of the left main coronary
artery, and the left anterior descending coronary artery
lesion was visualized in several projections . Next, a 0.014-
in . (0 .036 cm) angioplasty guide wire was passed beyond the
stenotic lesion . An 8F right Judkins femoral guiding catheter
was advanced through the left femoral sheath into the ostium
of the right coronary artery . Selective angiography of the
right coronary artery was performed in orthogonal views,
allowing confirmation of the absence of any degree of
collateral circulation to the left anterior descending artery
immediately before angioplasty. A 2 .517 Millar, 20-MHz
Doppler catheter model DC-101 was then inserted over a
0.010-in . (0.025 cm) flexible angioplasty guide wire, as pre-
viously reported (14-16), through the 8F right Judkins an-
gioplasty guiding catheter and positioned in the proximal
right coronary artery. The deflated angioplasty balloon was
then guided through the stenotic lesion . Four balloon infla-
tions were performed successively and maintained for 60 to
120 s each ([mean ± SD] 96 ± 14 s) during which the study
variables were measured . Six minutes of recovery with the
balloon deflated were allowed between each of these infla-
tions . Just before deflating the balloon during the initial
inflation, contrast agent injections were made through both
the left and the right guiding catheter to document total left
anterior descending coronary artery occlusion as well as
absence of any intracoi ,onary or ipsilateral collateral filling
and to assess the degree of collateral development to the
occluded vessel from the right coronary artery .
Doppler flow velocity studies. Coronary blood flow veloc-
ity was measured in the proximal right coronary artery using
the subselective intracoronary Doppler catheter. The use of
this device to assess changes in coronary blood flow has
been described in detail elsewhere (14-17) . Doppler data
were processed with a zero-crossing velocimeter (Millar
Instruments) from which mean and phasic velocity signals
were obtained . Before placement in the guiding catheter, the
mean and phasic Doppler flow velocity recordings were
zeroed and calibrated from an internally set 0- to 100-cm/s
signal for full scale deflection. The Doppler catheter was
placed in the center of the vessel in an area free of side
branches or vessel overlap, with the guide wire extending
from the tip of the catheter to obtain a stable flow velocity
signal. Before beginning the study protocol, the position of
the Doppler velocity catheter and the range gate control
of the 20-MHz pulsed Doppler meter were adjusted to
optimize the audio flow velocity signal and to obtain an
acceptable signal of phasic flow velocity waveform . The
range gate control was used to move the sample volume from
the catheter tip. This procedure ended when the highest
undisturbed stable velocity signal was recorded (usually 2 to
5 mm distal to the catheter tip) . The Doppler catheter
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position was then maintained constant, and the range gate
control was not changed throughout the study period . The
Doppler catheter position was frequently checked by fluo-
roscopy throughout the study to document its stability . Both
110c and mean Doppler coronary flow velocity and herno-
dynamic signals were displayed and recorded on a Honey-
well multichannel strip chart recorder. For data from the
zero-crossing velocimeter, the mean flow velocity was mea-
sured from the tracings derived from the recorder in each
study cycle (zero-crossing frequency analysis) . Only record-
ings with stable instantaneous phasic and mean velocities
were used for analysis .
Throughout the study the mean and phasic signals of the
right coronary artery flow velocity, arterial blood pressure in
the femoral artery and the coronary guiding catheter, heart
rate and ECG were continuously monitored, and all mea-
surements were recorded in steady state conditions at 10-,
50- and 100-mm/s paper speed. Data were recorded for 15 s
3 min before the start„ immediately before the start and at the
end of each balloon inflation . After adequate recordings had
been taken, right coronary angiograms were obtained 3 min
before the start (in the middle of the recovery interval) and at
the end of each balloon inflation . Thus, the hemodynamic
and flow velocity measurements used for analysis were those
recorded immediately before right coronary angiography in
each part of the study . Coronary arteriography was per-
formed in biplane orthogonal views with the usu of a power
injection of a single bolus of nonionic contrast medium
(Hexabrix 320, Laboratoire Guerbet) at a rate of 6 nth for a
total of 7 to 9 ml using a digital injection system (Angiomat
, Liebel-Frarsheim Company) .
Electrocardiogram . Three ECG leads were recorded and
continuously monitored throughout the study . These were
selected vo reflect leads showing ST segment changes during
spontaneous or exercise-induced angina . The magnitude of
the ST segment elevation during the four coronary balloon
occlusions was measured in the ECG lead that showed the
highest such elevation .
Chest pain. During each balloon inflation, patients were
asked to characterize the intensity and nature of chest pain,
which was assigned a grade from 0 to 10 by two cardiologists
who were unaware of the study protocol . In this way, chest
pain was graded on an arbitrary scale from 0 = none to 10 =
intolerable pain, the worst pain that the patient thought he or
she could tolerate .
Estimates of changes in coronary blood flow. Estimates of
changes in coronary blood flow were made by correcting
changes in the mean flow velocity for changes in the esti-
mated cross-sectional area of the right coronary artery
(18-20) . Cross-sectional area was determined from measure-
ments of the right coronary artery diameters just distal to the
Doppler velocity catheter tip from a perpendicular pair of
views, as previously described (21), assuming an elliptic cross
section. A biplane cineangiographic system (Polydiagnost-C,
Phillips Medical Systems) was used . Coronary blood flow
was estimated as the product of the mean coronary flow
IIi
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velocity times the coronary cross-sectional area at the Dopp-
ler catheter position . Only relative, not absolute, changes in
blood flow were considered for this study . Angiographic
determination of right coronary artery diameters was made
from orthogonal views by two experienced investigators
using a computer-assisted method (21), as previously de-
scribed . Digital computer-assisted calipers were used to
easure the arterial diameters just distal to the velocity
catheter tip in the proximal right coronary artery . Absolute
diameter values were computed using the shaft diameter
(2.67 mm) of the 8F guiding catheter as a scale factor .
Two experienced angiographers, who were unaware of
the flow velocity data, qualitatively assessed collateral filling
to the left anterior descending coronary artery in each part of
the study. Collateral circulation to the obstructed left ante-
rior descending artery during the initial balloon inflation was
graded on a scale from 0 to 3, depending on the degree of
opacification of the occluded vessel by right coronary artery
contrast medium injection, as follows : 0 = no collateral
vessels visible ; I = collateral vessels faintly seen without
visualization of the epicardial segment of the occluded
coronary artery ; 2 = collateral vessels well visualized, with
partial filling of the epicardial segment of the occluded
coronary artery : 3 = nearly complete filling of the epicardial
segment of the occluded coronary artery through well visu-
alized collateral vessels .
Statistical analysis . All continuous variables are ex-
pressed as mean value ± SD . Statistical significance was
accepted as p < 0 .05. Each patient served as his or her own
control subject. In each group of patients, changes in mean
blood pressure, heart rate, chest pain, magnitude of ST
segment elevation, coronary flow velocity, coronary artery
cross-sectional area and coronary blood flow between before
and during each balloon inflation were tested by means of the
Wilcoxon signed-rank test for paired data .
The examination of differences between the groups of
patients in the study involved one-way analysis of variance .
Repeat control valuess were compared with control values
with the same statistical test . When the results of analysis of
variance were significant, mean values were compared by
utilizing the Tukey multiple range analysis .
ASKS
Patient characteristics
. Clinical and cardiac catheteriza-
tion characteristics of the 24 patients studied are presented
in Table 1
. Patients were assigned to three groups according
to the extent of collateral circulation during the initial
balloon coronary occlusion
: group 1(10 patients) had absent
collateral circulation (collateral grade 0)
; group II (8 patients)
had poor collateral circulation (collateral grade 1) ; group III
(6 patients) had good collateral circulation (collateral grade 2
or 3)
. Because of the small number of patients with collateral
grade 2 or 3, we included them together in the same group
with good collateral circulation
. During the four successive
balloon inflations, right coronary angiography did not show
65/M
41/F
641M
581M
61/M
611M
62/M
59/F
56/M
67/M
59 .4 z 73
9
7
6
5
14
3
8
4
7
10
7 .3 t 3 .2
improvement in any patient with regard to the degree of
collateral development to the occluded left anterior descend-
ing coronary artery compared with that of the initial infla-
tion. Angiographic assessment of the development of high
grade recruitable collateral vessels during balloon inflation
wid acute coronary occlusion in one of our study patients is
shown in Figure 1 . Patients in the three groups with different
grades of collateral vessel recruitment were not significantly
different in terms of age, gender, duration of anginal symp-
toms, location of left anterior descending artery stenosis and
left ventricular function variables . However, percent steno-
sis severity was significantly higher in the patients in group
III than in group I (p = 0 .0047) .
Medications used by all 24 patients (160%) before the
study included aspirin, beta-blockers and oral or transdermal
nitrates . Calcium antagonists were used by seven patients
(7017c) in group I, six patients (75%) in group II and four
patients (67%) in group III .
Group I (RC grade 0)
Distal 85
Distal
80
Distal
75
Proximal
70
Distal
95
Proximal 70
Distal 87
Distal
78
Distal 73
Proximal
	
92
80.5 ± 8 .9
60
65
75
72
55
62
60
64
70
19
64 .2 ± 6.4
'p = 0 .0047 versus group 1 . F = female ; LAD m left anterior descending coronary artery . LVEDP = left ventricular end-diastolic pressure ; LVEF = left
ventricular ejection fraction
; M - male : RC - recruitable collateral vessels .
Hemodynamic data. Within each of the three groups of
patients studied, mean aortic blood pressure and heart rate
measured before and during coronary balloon occlusion
showed no significant change during the four successive
balloon inflation cycles (Table 2) . Control values did not
differ significantly among groups . Within each group of
patients, repeat control measurements taken between bal-
loon inflations were not significantly different from control
values in any study cycle .
Chest pain and ECG changes. During the study protocol,
chest pain occurred in 10 patients (100%) in group I, 8
patients (100%) in group II and 4 patients (67%) in group III
(Table 3). ST segment elevation on the surface ECG oc-
curred in 10 patients (100%) in group I, 6 patients (75%) in
group 11 and 2 patients (33%) in group III . Chest pain during
the first and last balloon occlusions, measured on an arbi-
trary scale from 0 to 10 for each patient, is shown in Table 4 .
During the first balloon inflation, chest pain was significantly
Group II (RC grade 1)
I I
60/F 18 Distal 85
62 8
12
67/M 5
Distal 95 64 10
13 661F
7 Proximal 80
70
6
14 631M
12 Distal 95
65
12
15
571M 2 Distal
88 60 9
16 68/M 13 Proximal
92 60 12
17
62/F 6
Distal 86 65
7
18 60/M 11 Proximal 90
57
11
Mean t SD 62.9 ± 3 .9 9.3 t 5 .2
88 .9 ± 5 .2 62 .9 ± 4 9 .4 ± 2 .3
Group III (RC grade 2 or 3)
19
60/M
18 Distal 90 62 12 3
20 66/M 6 Proximal 99 60 10 2
21 44/M 4 Proximal
90
65
8
2
22 58/M 14 Distal 96 58 13 2
23 64/F 9 Distal 94 61 9 2
24
49/M 5 Distal U
Mean ± SD 56.8 ± 8.6
9.3 t 5 .6 93 .0'"±4 61 .7±2.6 10.0±2.1
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Mote 1
. Clinical and Cardiac Catheterization Characteristics of the 24 Study Patients
Duration Location
Stenosis
Patient
Age (yr)/ of Angina
of LAD
Severity LVEF LVEDP RC
No .
Gender (mo)
Stenosis
(mm Hg) Grade
12 0
9 0
6 0
14 0
12 0
8 0
12 0
9 0
7
0
11 0
10 .1 = 2.8
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Figure 1 . Angiographic assessment (right anterior
oblique view) of the development of recruitable
collateral vessels from the right coronary artery to
the occluded left anterior descending coronary ar-
tery during successive balloon occlusions in Patient
19, whose flow velocity recordings are shown in
Figure 2 . A, On the initial right coronary angivs-rain
there are no visible collateral vessels to the left
anterior descending artery (collateral grade 0) orig-
inating from the right coronary artery . B, During the
first balloon inflation, collateral vessels are seen
(open arrow) originating from the right coronary
artery that nearly fill the epicardial segment of the
occluded mid- and distal left anterior descending
artery (collateral grade 3) . The Doppler catheter is
also seen in the proximal right coronary artery (solid
arrow) with the guide wire extending beyond the
catheter tip . C, No visible collateral vessels at
repeat control measurement (balloon deflated) be-
fore the fourth balloon inflation, D, During the
fourth balloon inflation, there is development of
collateral vessels (collateral grade 3), as in B .
less in group III patients (1 .8 ± 2) than in group I or 11
patients (8.2 ± 1 .8 and 6.8 t 3.5, respectively, p = 0 .0003) .
Between the first and last balloon inflations, chest pain
declined significantly in group II (from 6 .8 A: 3.5 to 4 .1 ± 2 .2,
p = 0.001) and remained relatively unchanged in groups I
(from 8 .2 ± 1 .8 to 8.3 ± 1 .6) and III (from 1 .8 ± 2 to 1 .8 ±
2). Chest pain during the last balloon inflation was not
significantly different between groups 11 and 111 (4.1 ± 2.2
vs. 1 .8 ± 2, p ~ NS) bui was bignii -icandy less than that in
group I (0.3 ± 1 .6, p = 0.0001) .
The changes in the magnitude of the maximal ST segment
elevation in the three ECO leads that were monitored during
the study followed a relatively similar pattern to that noted in
the changes of the chevt pin score . In the first balloon
Table 2. Hemodynamic Data Before and During Each of Four Successive Balloon Occlusions of the Left Anterior Descending
Coronary Artery
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inflation, mean maximal ST segment elevation in group 11'1
(1 .1
7: 1 .4 mm, range 0 to 4) was significantly lower than that
in group 1 (6.5 ± 2 .3 mm, range 2 to 12, p = 0.003) and
insignificantly lower than that in group If (4 .6 ± 2.6 mm,
range 0 to 8.5) . From the first to the fourth balloon inflation
cycle, mean maximal ST segment elevation declined slightly
(p = NS) in groups I (from 6.5 ± 2.3 to 6 ± 2 mm) and III
(from 1 .1 ± 1 .4 to 0.9 ± 1 .2 mm) and showed a significant
decrease in group II (from 4 .6 ± 2 .6 to 2 .6 ± 1 .7 mm, p
0.004) .
Coronary flow velocity responses . At the control measure-
ment there were no significant differences in the mean right
coronary flow velocity among the study groups . Within each
group the level of rest coronary flow velocity at all three
Value presented are mean value ± SD
. BI,, B" 813 , Q = first, second, third, fourth b
alloon
mdation, respectively ; Q
= control value before first balloon
inflation ;
C2,
C3, C4
= repeat control value before second, third, fourth balloon inflation, respectively
; Groups I to III as in Table I
.
Mean Aortic Pressure (mm Hg) Heart Rate (beats/min)
Group I Group II
Group III
Group I Group If
Group III
C, 98 .3 ± 10.1 99 .4 ± 9 .4
96 .2 ± 16 .7 75 .1 ± 8 .0 76 .6 ± 10 .2
79.2 ± 10.6
BI,
96 .8 ± 12 .5 100 .8 ± 11 .1 94 .2 ± 18 .0 76.1±9 .0
78.8±12 .3 81 .2±16.2
C ' 96.0±10 .0 99.1±10 .5
94.6±16 .8 74.2±8 .5 79 .1 ± 10 .6
81 .7± 15 .5
B12 98.0±8
.6
101
.0±8 .0 97 .4± 17 .0 75.9 ± 11 .1 83,0 ± 14 .0
82 .5 ± 16 .7
C 3 97.6±7.9 96.2±6 .9 96.0±12 .4
75.7±9 .0 78.9±11 .9
79.7±12 .5
BI, 95 .8 ± 10.6 100 .6 ± 9 .8 98 .3 ± 15 .7
76.9 ± 11 .9 81 .1 ± 13 .1
80.2 ± 14 .3
C 4 100.6±5
.7 99.1±8 .2 101 .5±12 .2 76.7 ± 12 .2
79 .8 ± 12 .1 80 .5 ± 13 .4
BI, 97
.8±89 98.9±8 .0 103 .0± 14 .1 76.0 ± 12 .1
81 .9 ± 12 .6
84 .8 ± 15 .5
Present
	
10(100) 8(100) 4(67)
Absent
0 0 2
Values presented are number (%) of patients. RC = recruitable collateral
ves"Is'
repeat control measurements was not significantly different
from that at the initial control measurement, indicating that
flow velocity returned to the control value after balloon
deflation. In group I there was no significant change in mean
coronary flow velocity from the preceding control or repeat
control measurement to the following balloon inflation mea-
surement during all four balloon inflation cycles. Mean
coronary flow velocity remained relatively unchanged
throughout the study (Table 5). In group II, mean coronary
flow velocity tended to increase from before to during the
first and second balloon inflations, and this increase pro-
gressed to significant levels during the third and fourth
Table 5. Blood Flow Velocity and Cross-Sectional Area in the Proximal Right Coronary Artery Before and During Each of Four
Successive Balloon Occlusions of the Left Anterior Descending Coronary Artery
collateral vessels .
balloon inflations . These changes were transient, returned to
approximately control levels after balloon deflation and
suggested a progressive improvement in coronary flow ve-
locity response from the first to the last balloon inflation
cycle (Table 5) . In group 111, mean coronary flow velocity
increased transiently from before to during each balloon
inflation . These increases were fairly constant and reproduc-
ible during the four balloon inflation cycles . Coronary flow
velocity increased to almost the same extent from rest values
and returned to approximately control levels after balloon
deflation (Table 5) . Recordings displaying abrupt, transient
increases in coronary flow velocity during balloon inflation
Ve-lues presented are mean value ± SD
. Groups I to III as in Table I :
RCA = right coronary artery ; % change from control (C) or repeat control value
to the following balloon inflation (BI)
.
Mean RCA Blood Flow Velocity (cm/s) RCA Cross-Sectional Area (mm , )
Group 1 Group 11 Group III
Group I Group 11 Group III
C '
9
.5 ± 3 .2 9.3 ± 3 .5 8.3 2 .6 7 .45 ± 1 .22 7.36 ± Is 7 .38 ± 1
.32
Bl r 9.7 ± 4
.2 10.2 ± 31 12.3 3 .5
7
.48 ± LU 7.62 ± IN 8.09 ± 1 .34
-0.3 ± 14 .9 13 .0 ± 21 .3 51 .1 ± 31 .4
-0.3 ± 6.2 3
.7!-
4.1 9 .9 ± 2 .1
Range -25-16.7 -12.5-50 16 .7-100
-11 .3-10 -0 .3-9 6.1-12
p value
0.5 (NS) 0 .09 (NS) 0 .036 0 .9 (NS)
0.06 (NS) 0.036
C2
9.3±°3 .2 9.6±3.3 8.4±2.5 7
.35±1 .22 TV ± IN 7.37±1 .3
BI, 9
.5±3.2 10.9±3.3 12.3±3.8 TV ± 1 .3 7
.6 4± IM 8.04± 1 .49
%1 1.8±4.1 16
.6* 18 .7 46.7±23.3 0 .1±'2.4 4
.2±4.5 9.1±4.0
Range 0-12 .5 -7.7-42 .9
25-87
.5
-5.8-3 .1 -0 .4-12 .8 4 .5-14 .3
p value 0
.4 (NS) 0 .06 (NS)
0 .036 0 .4 (NS) 0.06 (NS) 0.036
C, 9.7±3.2 9
.5 ±3 .3 9.0±3.2 7.41±1 .28 TM ± 1.5 7
.48±1 .31
B1, 9.7-3
.2:12.6±3.3
13.1±4 7.37±1 .31 7.91±0.96 8
.31±1 .42
%4
-1 ± 10.1 37 .3 ± 22 .7 48.6±25.7
-0.5±3.6 8.1±4.6 11 .1±3.5
Range
-16.7-11 .1 0-66.7
14 .3-77 .8 -7
.7-3 .1 0.6-13.9 7 .9-16.8
p value
0.8 (NS) 0 .022
0 .036 0 .8 (NS)
0 .014 0Z6
C4
9.4±3
9.4 ± 3 .4 8.3 ± 2
.3 7 .37 ± IZ 136 ± 1 .18 7.37 ± 1 .34
BI,
9.3 ± 3 .4 13 .9 ± 3
.7 12.1 ± 3 .1 7.41±1
.31 7.95±0.97 8.25 ± 1 .42
9ra,
-2 ± 11 .7 47 .1 ± 28.4
46.3 ± 20.2 0 .6 ± 2.3
8.6 ± 4 .8 12 ± 2 .8
Range
-16
.7-16.7 20-100
25-75 -2 .3-5 .2
0-13 9.1-16.8
p value
1 (NS)
0.014
0 .036 0 .9 (NS) 0.022 0.036
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Table 3 . Patients With ST Segment Elevation on the
Electrocardiogram or Chest Pain During Left Anterior Descending
Coronary Artery Balloon Occlusion
Table 4
. Severity of Chest Pain During the First and Last of Four
Successive Left Anterior Descending Coronary Artery Balloon
Occlusions Measured on an Arbitrary Scale From 0 to 10
Group I
(RC grade 0,
n=10)
Group II
(RC grade 1,
n=8)
Group III
(RC grade 2 or 3,
n=6)
Group I
(RC grade 0,
n = 10)
Group 11
(RC grade 1,
n 8)
Group III
(RC grade 2 or 3,
n 6)
p Value
(ANOVA)
ST segment elevation
First BI 8.2±I8 6.8±3.5 1 .8 ±2.0 0.0003
Present 10(100) 6(75)
2(33) (5-10) (0-10)
(0-4)
Absent
0 2 4
Fourth BI 8.3 ± 1 .6 4.1 ± 2 .2* 1 .8 ± 2.0 0 .0001
Chest Pain
(5-10) (0-7) (0-4)
*p 0.001 versus first balloon inflation (BI) . Values presented are mean
value SD (range) . ANOVA = analysis of variance ; RC = recruitable
T.,ACC Vol . 23, No . 4
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Figure 2 . Recordings of changes in cor-
onary blood flow velocity (CBFV) in the
right coronary artery in Patient 19, dis-
playing how the acute transient develop-
ment of high grade, reci uitable collateral
vessels to the occluded left anterior de-
scending coronary artery during balloon
inflation is associated with an acute tran-
sient increase inn blood flow of the sup-
plier right coronary artery . Paper speed
is 50 mm/s . AP/AoP arterial pressure/
aortic pressure ; C, control measure-
ment before first balloon inflation (131,) ;
C4 = repeat control measurement before
fourth balloon inflation (B1 4 ); EKG
electrocardiogram .
and angiographic collateral vessel development are shown in
Figure 2 .
Cross-sectional area changes . At control measurement
there were no differences in the mean cross-sectional area of
the proximal right coronary artery among the three groups of
patients studied (Table 5) . In group I, cross-sectional area
did not change significantly from control levels throughout the
study period . In group 11 there was an insignificant increase
from control or repeat control measurements during the first
and second balloon inflation cycles and a significant increase
during the third and fourth balloon inflation cycles . In group
111, cross-sectional area increased during all four balloon infla-
tion cycles . Changes noted in groups 11 and III were transient,
and all repeat control values measured after balloon deflation
were not significantly different from control levels (Table 5) .
Coronary blood flow responses . During the four succes-
sive balloon inflation cycles, no significant changes in esti-
mated mean right coronary artery blood flow were noted in
patients without angiographically demonstrable recruitable
collateral vessels (group I) . However, acute, transient in-
creases in coronary flow occurred in patients with a lower
(group II) or higher (group 111) grade of acute, transient
collateral vessel recruitment . In group 1, mean coronary
blood flow did not change significantly from control or repeat
control levels during the four balloon inflations in the study :
first 0.13 ± 20.3%, second 1 .8 ± 2.6%, third -1 .4 ± 11 .4%,
fourth -0.9 ± 14% (all p = NS) (Fig . 3) . In group 11, there
was a small, nonsignificant increase in mean coronary flow
during the first and second balloon inflation cycles (first 17 .9
± 26.6%, second 21 .9 ± 22 .6%, both p = 0 .08) that pro-
gressed to significance during the third and fourth inflation
cycles (third 481 ± ?'1 .7%, fourth 60 .4 ± 35 .9%, both p =
0.014), implying a progressive improvement with repeated
balloon occlusions (Fig . 4) . In group III, estimated mean
coronary flow transiently increased to a nearly identical level
during all four balloon inflations (first 66 .4 36.8%, second
60.3 ± 25.2%®, third 65 .1 ± 29.3%, fourth 64 23 .9%®, all p =
0.036) and returned to control levels after balloon deflation,
indicating a relatively constant and reproducible transient
augmentation (Fig . 5) .
F
igure 3. Plot of directional changes
in blood flow in the right coronary
artery during four successive balloon
occlusions of the left anterior de-
scending coronary artery in group I
patients, with no angiographically ev-
ident recruitable collateral vessels
(collateral grade 0) . C, = control
value before first balloon inflation
(131 1 ); C 2 , C3,
C4
= repeat control
value before second (1310, third (B1 3)
and fourth (BQ balloon inflations,
respectively ; solid lines = changes in
individual patients ; dashed line -
mean change ; vertical bars = mean
value ± SD .
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Discussion
This study demonstrated that during acute coronary
occlusion, acute transient changes in the magnitude of blood
flow in the contralateral coronary artery accompany the
angiographic evidence of acute transient development of
recruitable collateral vessels . Such changes in coronary
blood flow do not seem to occur in patients without angio-
graphically demonstrable recruitable collateral vessels. Fur-
thermore, the pattern of evolution of changes in the right
coronary artery flow over repeated left anterior descending
coronary artery occlusions differed between patients with
higher or lower grades of recruitable collateral filling. In
patients who developed angiographically high grade re-
cruitable collateral circulation, the increase in blood flow in
the right coronary artery was relatively well reproducible in
magnitude when measured during successive coronary oc-
clusions. However, in patients who developed low grade
recruitable collateral vessels, the right coronary artery blood
flow followed a progressively increasing pattern compared
with the repeated left anterior descending coronary artery
occlusions.
Recrultable collateral coronary b4ood BON. Previous stud-
ies (1-11) have suggested that the collateral blood supply
could transiently occur through preexisting vessels to per-
fuse the ischemic area during acute coronary artery occlu-
sion and that such collateral flow could have a role in
C2
C2
8X2
B12
Ca
Ca B13
813
lessening myocardial ischemia, as assessed by subjective or
objective ischemic indexes (2,8-10). In this study the devel-
opment of even high grade recruitable collateral vessels is in
agreement with the previously reported data and emphasizes
the physiologic importance of collateral vessel recruitment
during acute coronary occlusion .
Furthermore, our data imply that when a major coronary
artery is temporarily occluded and becomes dependent on
collateral flow via acutely developing collateral channels, a
dynamic interplay involving changes in coronary hemody-
namic variables and, presumably, humoral factors may
result in changes in the magnitude of blood flow in the
contralateral, collateral vessel supplier, coronary artery .
The degree to which this phenomenon occurs seems to
depend on both the angiographic extent and, most impor-
tant, the functional state of the developed collateral vessels,
as suggested by the differences in the changes ipn blood flow,
chest pain and ECG evidence of ischemia between patients
with good and poor collateral vessel development .
Feldman and Pepine (22) examined the physiologic im-
portance of coronary collateral vessels in conscious humans
during acute left anterior descending coronary artery occlu-
sion and reported that the residual great cardiac vein flow
was 55% higher and the calculated coronary resistance index
was 45% lower in patients who had angiographic filling of the
left anterior descending artery via collateral vessels com-
CA
C4
814
83.4
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Figure 4 . Plot of directional changes
in blood flow in the right coronary
artery during four successive balloon
occlusions of the left anterior de-
scending coronary artery in group 11
patients, with development of angio-
graphically evident low grade re-
cruitable collateral vessels without
epicardial filling of the occluded ar-
tery (collateral grade 1). *p = 0.014
versus control levels at third or
fourth balloon inflation, respectively .
Abbreviations and symbols as in Fig-
ure 3 .
P
gare 5. Plot of directional changes
in blood flow in the right coronary
artery during four successive balloon
occlusions of the left anterior de-
scending coronary artery in group III
patients, with levelopment of angio-
graphically eviaent high grade re-
cruitable collateral vessels with par-
tial or complete : epicardial filling of
the occluded artery (collateral grade
2 or 3) . *p = 0.036 versus control
levels at first, second, third or fourth
balloon inflation, respectively . Abbre-
viations and symbols as in Figure 3 .
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pared with these who did not . These investigators made the
assumption that blood flow in the contralateral coronary
artery proximal to the collateral vessels comprised the
original plus the collateral flow, whereas distal to the emer-
gence of collateral vessels comprised only the original flow
and thus suggested indirectly an increase in the coronary
blood flow related to the development of collateral vessels .
The observed relation between the acute increase in
blood flow in the collateral donor coronary artery and the
development of x'ecruiiable collateral vessels could be rea-
sonably expected if we consider that these suddenly opening
and functioning collateral pathways to the low pressure area
in the occluded artery increase the size of the perfusion bed
supplied by the donor artery and thus represent a sort of
dilation of the distal arteriolar bed, lessening resistance to
flow. haul et al . (23), in an open chest canine model, implied
that the size of the myocardial bed perfused by a coronary
artery is significantly influenced by the magnitude of antero-
grade flow throughout that artery and changes not only with
a decrease but also with an increase in anterograde flow . Our
results imply that it may not be only the size of the perfusion
bed that differs at various rates of anterograde flow ; alter-
ations in blood flow may be induced by changes in the size of
the perfusion bed that occur anatomically through opening
or closing collateral pathways .
Angiographic visualization of recruitable collateral vessels .
In the patients who developed low grade collateral circula-
tion, the apparent discrepancy between the progressive
increase in the magnitude of the coronary flow and the
constant angiographic appearance of recruitable collateral
vessels during the repeated balloon inflations might be
accounted for by the known limitations of coronary angiog-
raphy. It is questionable whether collateral vessels are
adequately visualized angiographically (12,13,24) . Angio-
graphic visualization of such vessels does not give quantita-
tive information about blood flow in these vessels and does
not necessarily reflect their function (25-27) . Thus, a pro-
gressive improvement in collateral function over successive
balloon inflations in patients with poor collateral vessel
recruitment might not have been detected angiographically .
The changes in the severity of chest pain and in the magni-
tude of ST segment elevation, as noted in this study, seem to
support this consideration . Changes in blood low in the
collateral donor artery may reflect collateral flow and func-
tion more reliably than does angiographic visualization of
collateral vessels. However, angiographic improvement of
recruitable collateral filling has been reported in studies
(5,28) using repeated prolonged, sustained balloon coronary
occlusions, but the potential accompanying changes in cor-
onary flow were not evaluated .
Limitations of the study . 1) Technical problems influenc-
ing the accuracy of coronary flow velocity hav ,,r been de-
scribed in detail elsewhere (14-17) . Errors in Doppler veloc-
ity measurements are related to the shape of the velocity
profile, the angle of incidence and position of the sample
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volume and should be minimal in our patients with the stable
proximal location of the Doppler catheter .
2) In this study, blood flow measurements and contrast
injections were made in the right coronary artery during left
anterior descending coronary artery angioplasty . It may not
be appropriate to extrapolate these results to angioplasty or
to blood flow determinations in different coronary arteries,
3) From the results it would be reasonable to conclude
that the increase in the collateral supplier coronary artery
flow might serve us an index of collateral perfusion and
function elicited under the circumstances of the study .
However, these conclusions should be used with caution
because there was no direct measure of coronary collateral
flow or perfusion status of the collateral-dependent region of
the myocardium .
4) The evidence for the physiologic significance of
changes in the supplier coronary artery flow as an index of
collateral flow and function, based on estimates of changes
in the severity of chest pain, is limited by the highly
subjective nature of the sensation of pain . However, in our
study this evidence was mainly derived from changes within
each group that refer to the same patients and are much more
reliable than between-group comparisons. The changes in
the magnitude of ST segment elevation that were measured
in the study provide supportiig objective evidence for these
conclusions. However, the 6,;curacy of the ECG data may
be limited by the small number of ECG leads that were
monitored and recorded during the study .
Summary . This study showed that in conscious humans
undergoing coronary angioplasty for a single left anterior
descending coronary artery lesion, acute transient develop-
ment of recruitable collateral vessels arising from the right
coronary artery is associated with acute transient increases
in the magnitude of blood flow through this artery . During
repeated balloon occlusions, these changes ia coronary flow
were not similar between patients with a different extent of
collateral development and may reflect the augmentation of
recruitable collateral flow and function more accurately than
does angiographic assessment .
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